Abstract. Vascular endothelial growth factor (VEGF) is a key mediator of angiogenesis, whose effect on cancer growth and development is well characterized. Alternative splicing of VEGF leads to several different isoforms, which are differentially expressed in various tumor types and have distinct functions in tumor blood vessel formation. Many cancer therapies aim to inhibit angiogenesis by targeting VEGF and preventing intracellular signaling leading to tumor vascularization; however, the effects of targeting specific VEGF isoforms have received little attention in the clinical setting. In this work, we investigate the effects of selectively targeting a single VEGF isoform, as compared with inhibiting all isoforms. We utilize a molecular-detailed whole-body compartment model of VEGF transport and kinetics in the presence of breast tumor. The model includes two major VEGF isoforms, VEGF 121 and VEGF 165 , receptors VEGFR1 and VEGFR2, and co-receptors Neuropilin-1 and Neuropilin-2. We utilize the model to predict the concentrations of free VEGF, the number of VEGF/VEGFR2 complexes (considered to be pro-angiogenic), and the receptor occupancy profiles following inhibition of VEGF using isoform-specific anti-VEGF agents. We predict that targeting VEGF 121 leads to a 54% and 84% reduction in free VEGF in tumors that secrete both VEGF isoforms or tumors that overexpress VEGF 121 , respectively. Additionally, 21% of the VEGFR2 molecules in the blood are ligated following inhibition of VEGF 121 , compared with 88% when both isoforms are targeted. Targeting VEGF 121 reduces tumor free VEGF and is an effective treatment strategy. Our results provide a basis for clinical investigation of isoform-specific anti-VEGF agents.
INTRODUCTION
Vascular endothelial growth factor (VEGF) is a potent promoter of angiogenesis, the formation of new blood vessels from pre-existing vasculature. Angiogenesis is required for cancer growth and development, and given the key role of VEGF in this process, cancer therapies targeting VEGF have gained prominence. Therapeutics such as antibodies against VEGF and its receptors, small molecule tyrosine kinase inhibitors, and peptides have been developed. These anti-angiogenic agents inhibit tumor growth and development by blocking VEGF-mediated signaling that promotes cell proliferation, migration, and adhesion, ultimately leading to vascularization.
The VEGF family consists of five ligands (VEGF-A through VEGF-D and placental growth factor, PlGF), three receptors (VEGFR1, VEGFR2, and VEGFR3), and two coreceptors, called neuropilins (NRP1 and NRP2). VEGF-A, often referred to as VEGF, is a well-studied member of this signaling family, and alternative splicing of VEGF produces numerous isoforms: VEGF 121 , VEGF 121b , VEGF 145 , VEGF 145b , VEGF 165 , VEGF 165b , VEGF 183 , VEGF 189 , and VEGF 206 . The VEGF xxx species are considered pro-angiogenic, while VEGF xxxb molecules are generally regarded as endogenous anti-angiogenic species (1) (2) (3) (4) (5) or weakly angiogenic isoforms (6) . The VEGF isoforms have unique binding profiles with the receptors and co-receptors. The molecular interactions of VEGF 121 and VEGF 165 , in particular, have been widely studied. Co-receptors NRP1 and NRP2 form ternary complexes with VEGF and VEGFR, either through direct binding to VEGF 165 (7) or through coupling to VEGFR1 (8) . In addition, VEGF 165 contains a heparin-binding domain (9) , enabling it to bind to glycosaminoglycan (GAG) chains in the extracellular matrix (ECM) and cellular basement membranes (10) . In contrast, VEGF 121 is freely diffusible in the tissue interstitium (10) .
In addition to having different binding profiles, VEGF isoforms perform unique functions in tumor vascularization. Experimental studies performed in mice using tumors that express the VEGF 120 , VEGF 164 , and VEGF 188 isoforms individually (mouse orthologs of 121, 165, and 189) have different vascular structures from wild-type mice where the three isoforms are expressed together. Tumors that only express VEGF 120 have lower microvessel density than wild-type mice, while the vascularity of VEGF 164 
-expressing tumors closely
Electronic supplementary material The online version of this article (doi:10.1208/s12248-012-9363-4) contains supplementary material, which is available to authorized users. resembles wild-type (11 (12) . In human melanoma xenografts, VEGF 165 -overexpressing tumors are highly vascularized while VEGF 121 tumors are characterized by sparse vessels and necrotic areas (13) . These studies and others also investigate a correlation between VEGF isoform expression and tumor progression (14) (15) (16) (17) . Another study finds that VEGF 121 -expressing breast tumor xenografts are more evenly vascularized, leading to better oxygenation, compared with tumors that overexpress VEGF 165 or fibroblast growth factor-1 (18) . Given the differences observed in tumors that overexpress particular isoforms, it is possible that targeting specific VEGF isoforms may be an effective cancer therapy.
Four VEGF-neutralizing agents have either gained approval by the Food and Drug Administration (FDA) or are currently in clinical trials: bevacizumab (Avastin; Genentech), pegaptanib (Macugen; Eyetech/Pfizer), ranibizumab (Lucentis; Genentech), and aflibercept (VEGF-Trap; Regeneron). Bevacizumab, the recombinant humanized monoclonal antibody to VEGF, is the only VEGF inhibitor approved for the treatment of cancer (colorectal cancer, non-small cell lung cancer, glioblastoma, and kidney cancer). For these indications, bevacizumab works alone or in combination with other drugs such as chemotherapy agents and interferon. Additionally, it is used to treat wet age-related macular degeneration (AMD). Both pegaptanib, an RNA aptamer, and ranibizumab, a monoclonal antibody fragment, are FDA-approved for the treatment of AMD; however, the latter is used more frequently due to a better ability to maintain and restore vision. Pegaptanib is also being applied in glioma, in combination with radiation therapy (19) . Lastly, aflibercept is a soluble decoy receptor that was recently approved for treatment of AMD and is currently in clinical trials for other eye diseases and several cancer types. Bevacizumab, ranibizumab, and aflibercept are able to bind all VEGF-A isoforms. In addition, aflibercept also binds placental growth factor. In contrast, pegaptanib selectively binds VEGF 165 , while having low affinity for other isoforms (20) . VEGF 165 was selected as the target because this isoform is generally thought to be the predominant VEGF-A isoform in the eye (21, 22) . Thus, there is a precedent for isoform-specific VEGF inhibition.
Mathematical models applying systems biology tools have proved useful in providing insight into the complex VEGF interactions, testing hypotheses not easily accessible via experiments, and designing therapeutics (23, 24) . The recent action by the FDA to revoke approval of bevacizumab for breast cancer demonstrates the need to better understand the effects of VEGF-neutralizing agents in order to develop effective treatment strategies. We aim to address this need by predicting the potential therapeutic effects of isoform-specific VEGF antibodies, thus elucidating their mechanism of action.
We have previously developed a compartment model of VEGF transport and kinetics in the human body and applied the model to predict how free VEGF levels respond to anti-VEGF treatment (25, 26) . However, we did not consider the effects of targeting single VEGF isoforms, as compared with inhibiting all isoforms simultaneously. Utilizing isoform-specific antibodies may be an effective treatment strategy, since experimental data shows that the VEGF isoforms differentially contribute to vascular patterning in tumors, leading to variations in tumor growth, as described above. Therefore, we utilize our model of VEGF kinetics and transport to predict the concentrations of free VEGF and the VEGF/VEGFR2 complexes, and the receptor occupancy profiles following isoform-specific anti-VEGF therapy. In addition, we investigate how free VEGF is affected by isoform-specific anti-VEGF agents in tumors that preferentially secrete different VEGF isoform(s).
METHODS

Computational Model
We utilize a molecular-detailed compartment model of VEGF kinetics and transport in the human body. The model includes normal tissue (represented by skeletal muscle), blood, and tumor (parameterized as a breast tumor; however, the model is applicable to any solid tumor). We include the two major VEGF isoforms VEGF 121 and VEGF 165 , receptors VEGFR1 and VEGFR2, and co-receptors NRP1 and NRP2. VEGF is secreted by parenchymal cells (muscle fibers in the normal compartment and tumor cells in the diseased compartment), and the molecular interactions are illustrated in Fig. 1 . VEGF transport between compartments occurs via microvascular permeability, and we simulate lymphatic drainage from the interstitial space of the normal tissue into the blood (tumor lymphatics are assumed to be non-functional, based on experimental evidence (27, 28) ). Additionally, free VEGF is subjected to protein degradation in the tissue compartments and is cleared from the blood. VEGF receptors and co-receptors are localized on the abluminal and luminal endothelial surfaces, as well as on parenchymal cells. Receptor density is based on in vitro and in vivo experimental data from quantitative flow cytometry (25, 29) . The full model has been described in our previous papers (25) , and the complete set of model equations and parameters are given in Electronic supplementary material 1.
Numerical Implementation
The model predicts the concentration of 89 species and is described by 89 non-linear ordinary differential equations (ODEs), which include 24 for the normal compartment, 27 for the blood, and 38 for the tumor compartment. The ODEs and parameters were implemented in MATLAB (v7.11.0.584 R2010b, Mathworks) using the SimBiology toolbox. The steadystate and dynamic solutions were calculated using the Sundials solver, where 10 −9 and 10 −20 were used for the absolute and relative tolerances, respectively. The model is provided in SBML format in Electronic supplementary material 2, and instructions for its use are given in the notes section of the model.
Simulation of VEGF-Targeting Agents
We investigate the effect of isoform-specific anti-VEGF agents (denoted by anti-VEGF 121 and anti-VEGF 165 ). For comparison, we also simulate the effect of a VEGF antibody that sequesters both isoforms (pan anti-VEGF). In each simulation, the system is first allowed to reach a steady state, and then the anti-VEGF agent is administered via an intravenous infusion (i.e., into the blood compartment). A single dose of 10 mg/kg is given, which is within the range clinically used when treating various forms of cancer (30) . The kinetic parameters of the anti-VEGF agent are based on bevacizumab (31) (32) (33) ; however, the parameters can easily be changed to simulate other VEGF antibodies or VEGF-neutralizing macromolecules.
We use the change in free VEGF at 3 weeks following administration of the anti-VEGF compared with the pre-treatment, steady-state level, as an indication of the response to therapy. This comparison is calculated using the fold-change,
The fold-change indicates whether free VEGF increases (fold-change>1), decreases (fold-change<1), or is unchanged (fold-change=1) following anti-VEGF treatment. This parameter is calculated for all compartments; however, we propose that the anti-VEGF has a therapeutic effect when tumor free VEGF decreases following treatment, relative to the pre-treatment level.
RESULTS
Targeting VEGF 121 Is Most Effective in Reducing Tumor Free VEGF
Blood
We have previously shown that, for a specific set of parameters, inhibiting both VEGF isoforms leads to a transient decrease in free VEGF in the blood followed by a 9.2-fold increase above pre-treatment levels (25) . The model predicts that isoform-specific anti-VEGF agents also lead to an increase in free VEGF in the blood (Fig. 2a-c) ; however, targeting VEGF 165 results in a relatively small increase in the concentration of free VEGF, compared with the other agents, as indicated by the fold-change (Fig. 2d) . Anti-VEGF 165 treatment induces a fold-change of 4.3, compared with 5.4 or 9.2 when targeting VEGF 121 or both isoforms, respectively.
Tissue Compartments
We also predicted that targeting both VEGF isoforms results in a depletion of free VEGF relative to the pretreatment level in the normal tissue and tumor of 0.4-and 0.6-fold, respectively (25) . Targeting VEGF 121 produces Fig. 1 . Schematic of VEGF interactions and neutralization. a The compartment model simulates the molecular interactions of two VEGF isoforms (VEGF 121 and VEGF 165 ), receptors (VEGFR1 and VEGFR2), and co-receptors (NRP1 and NRP2). VEGF receptors and co-receptors are expressed on the abluminal and luminal endothelial surfaces, muscle fibers, and tumor cells and are internalized (k int ) and inserted into the cell membrane (s). VEGF 121 binds to VEGFR1 and VEGFR2 and can form a ternary complex with the coupled VEGFR1-NRP1 complex. VEGF 165 binds to VEGFR1 and can form the ternary complex VEGF 165 -VEGFR2-NRP by binding to VEGFR2 or one of the NRPs. In addition, VEGF 165 can be sequestered by GAG chains in the ECM and cellular basement membranes. b VEGFneutralizing agents bind to the isoforms to block the formation of VEGF/VEGFR complexes and inhibit intracellular angiogenic signaling similar effects as targeting both isoforms and is most effective in reducing tumor free VEGF, where the foldchange is predicted to be 0.5 (Fig. 2d) . In comparison, targeting VEGF 165 does not significantly influence free VEGF levels in these compartments (Fig. 2a-c) . Following anti-VEGF 165 treatment, the fold-change is 0.97 and 1.1 in the normal tissue and tumor, respectively (Fig. 2d) .
Receptor Occupancy Is Influenced by Isoform-Specific Anti-VEGF Treatment
In addition to investigating the effect of anti-VEGF treatment on free VEGF levels, we have used receptor occupancy as a measure of the angiogenic state of the body. Here, we compare the baseline receptor occupancy predicted at steady state prior to anti-VEGF treatment to the occupancy 3 weeks after treatment (Fig. 3) .
Normal Tissue
Targeting all isoforms and targeting VEGF 121 individually produce similar effects, and VEGFR1 occupancy is reduced to ∼40%, as compared with the baseline value when 72% of VEGFR1 molecules are ligated. In contrast, anti-VEGF 165 treatment does not significantly influence VEGFR1 occupancy from the steady-state levels.
VEGFR2 and NRP1 occupancy are nearly unchanged for all anti-VEGF agents.
Blood
Anti-VEGF treatment increases occupancy for all receptors, irrespective of the isoform(s) targeted. This is due to the increase in free VEGF following anti-VEGF treatment, described above. Following treatment with the pan anti-VEGF or anti-VEGF 121 agent, VEGFR1 occupancy becomes four times greater than the baseline value. It is interesting to note that targeting both isoforms or VEGF 165 individually dramatically increases VEGFR2 occupancy, where the percentage of ligated VEGFR2 molecules increases tenfold, while anti-VEGF 121 treatment increases VEGFR2 occupancy 2.3-fold. The fraction of ligated NRP1 increases from the baseline value of 0.4% to 6% when targeting both isoforms. When targeting VEGF 121 or VEGF 165 , the fraction of ligated NRP1 increases to 1.3% or 5%, respectively.
Tumor
Targeting all isoforms or VEGF 121 individually results in a decrease in the occupancy of VEGFR1 from 62% to approximately 41%. In contrast, anti-VEGF 165 treatment does not significantly change VEGFR1 occupancy. All of the anti-VEGF agents produce a similar effect on the percentage of VEGFR2 that is bound to the ligand, where the occupancy ranges from 87% to 94%, depending on the isoform(s) targeted by the anti-VEGF. Similarly, the fractions of ligated neuropilins remain relatively unchanged, where 2-4% of NRPs are bound to VEGF.
In summary, the various anti-VEGF agents differentially influence receptor occupancy. In the tissue compartments, VEGFR1 occupancy is decreased following treatment with the pan anti-VEGF or VEGF 121 agent, while VEGFR2 occupancy is only slightly different from the baseline value. In the blood, the occupancies of both VEGFR1 and VEGFR2 vary with anti-VEGF treatment, and a larger percentage of receptors are ligated following anti-VEGF treatment.
Targeting VEGF 121 Effectively Inhibits the Formation of the Pro-angiogenic Complex VEGF/VEGFR2 in the Body VEGF is able to stimulate proliferation and regulate vessel permeability leading to capillary sprouting by binding to and activating its receptors. The VEGF/VEGFR2 complex in particular is considered to be pro-angiogenic. Therefore, in addition to investigating the receptor occupancy profiles, we have predicted the number of VEGF/VEGFR2 molecules/cell following anti-VEGF treatment. The number of VEGF/ VEGFR2 molecules per cell responds in a similar manner whether targeting both VEGF isoforms or VEGF 165 individually (Fig. 4) . In both cases, the number of VEGF/VEGFR2 molecules on the abluminal endothelial surface in the normal compartment changes by less than 2%, and the concentration of luminal VEGF/VEGFR2 molecules increases nearly tenfold in the blood. Additionally, the number of VEGF/ VEGFR2 molecules on tumor cells increases 15% and 7% on tumor ECs and tumor cells, respectively. Anti-VEGF 121 treatment does not impact VEGF/VEGFR2 levels in the normal tissue. However, in the tumor compartment, the number of VEGF/VEGFR2 molecules decreases 5% and less than 1% for abluminal diseased endothelial and tumor cells, respectively. In the blood, treatment with the anti-VEGF 121 agent leads to a 1.3-fold increase in the concentration of VEGF/VEGFR2 molecules on the luminal endothelial surfaces, which is much lower than the tenfold increase induced by the other agents. These results show that targeting VEGF 121 effectively inhibits the formation of the proangiogenic complex VEGF/VEGFR2 in the body.
Isoform-Specific Agents Have Different Effects on Free VEGF in Tumors That Preferentially Secrete One or Both VEGF Isoforms
We have previously shown that, when targeting all VEGF isoforms, a therapeutic effect (reduction in tumor free VEGF at 3 weeks post-treatment) is observed when VEGF 121 comprises more than 25% of the total VEGF secreted by the tumor (25) . We now investigate the effect of isoform-specific anti-VEGF treatment on the level of free VEGF in tumors that preferentially secrete a single VEGF isoform. We predict the dynamic concentration profiles of free VEGF (Electronic supplementary material 3, Figure S1 ) and summarize the results by estimating the fold-change of free VEGF in the body at 3 weeks following anti-VEGF treatment for isoformspecific tumors (Fig. 5 ) and for tumors that secrete different (Fig. 6) . In all simulation cases, the total tumor VEGF secretion rate was held constant.
Isoform-Specific Tumors
Normal Tissue. When targeting all VEGF isoforms, free VEGF in the normal tissue is reduced from the pre-treatment level for all tumor types (fold-change is 0.4). Targeting VEGF 121 induces a similar reduction in free VEGF in the normal tissue, where the fold-change is also predicted to be 0.4 for all tumor types (Fig. 5) . In contrast, free VEGF levels in the normal tissue are only reduced by 3% when VEGF 165 is targeted, even when the tumor secretes only VEGF 165 . This is because VEGF 165 constitutes only 20% of free VEGF in the normal tissue at steady state for all tumor types. Therefore, targeting the VEGF 165 isoform does not significantly influence free VEGF levels in this compartment.
Blood. None of the three VEGF antibodies examined in this study result in a depletion of free VEGF in the blood (Fig. 5) . However, across all tumor types, targeting VEGF 165 results in the smallest increase in free VEGF in the blood, where the fold-change is approximately 4.4, compared with 9.2 and 5.4 for the pan anti-VEGF and anti-VEGF 121 agents, respectively.
Tumor. Inhibiting both VEGF isoforms depletes free VEGF in tumors that secrete both isoforms and in VEGF 121 -secreting tumors, where the fold-change is predicted to be 0.6 and 0.2, respectively. Anti-VEGF 121 treatment reduces free VEGF relative to the pre-treatment level in tumors that secrete both isoforms and in VEGF 121 -secreting tumors in a similar fashion. In tumors that only secrete VEGF 165 , inhibiting both VEGF isoforms increases tumor free VEGF 2.9-fold. The anti-VEGF 121 agent has a similar effect in VEGF 165 tumors, where the foldchange in tumor free VEGF is 2.6. Inhibiting VEGF 165 individually results in an increase in tumor free VEGF, and the foldchange ranges from 1.1 to 1.4, depending on the tumor type.
Tumors with Various VEGF Isoform Secretion Ratios
We also examined the effect of varying the tumor VEGF isoform secretion ratio, where the relative amount of VEGF 121 secreted by tumor cells ranged from zero to 100% (Fig. 6) . We find that the tumor VEGF isoform secretion ratio does not influence VEGF inhibition in the normal tissue, regardless of the isoform(s) being targeted. Similarly, the model predicts that the effect of VEGF neutralization in the blood does not depend on the tumor VEGF isoform secretion ratio. In contrast, the fold-change in tumor free VEGF is highly sensitive to the tumor isoform secretion ratio. When VEGF 121 comprises at least 25% of total VEGF secreted, the anti-VEGF 121 agent has a therapeutic effect. We previously predicted this response for the pan anti-VEGF (25) . No tumor VEGF isoform secretion ratio allows a reduction in tumor free VEGF with anti-VEGF 165 treatment.
We also investigated the effect of varying the dose of anti-VEGF administered, for a range of isoform secretion ratios. We examined how anti-VEGF dosages ranging from 1 to 25 mg/kg influenced the fold-change in free VEGF in the body (Electronic supplementary material 3, Figures S2-S4) . The model predicts that decreasing doses of the pan anti-VEGF and anti-VEGF121 agents are less effective in reducing interstitial free VEGF. That is, lower doses lead to a higher fold-change. This is because the decrease in free VEGF in the normal tissue and tumor immediately after the intravenous injection is less pronounced for smaller doses, and tumor VEGF returns to its pre-treatment level more rapidly. Interestingly, for 1 mg/kg of the anti-VEGF 165 agent, the fold-change in tumor free VEGF is slightly less than one in tumors whose isoform secretion ratio is shifted toward VEGF 165 . Additionally, lower doses of the anti-VEGF agents lead to a smaller increase in the concentration of free VEGF in the blood, compared with higher doses. For all anti-VEGF agents, increasing the dosage above 10 mg/kg does not largely impact the fold-change in VEGF in the body, for the full range of tumor isoform secretion ratios.
Altogether, these results suggest anti-VEGF 121 treatment acts to reduce tumor free VEGF in tumors that secrete both VEGF isoforms and in VEGF 121 -secreting tumors, for the dosage levels prescribed to treat cancer.
DISCUSSION
We have applied a compartment model of VEGF kinetics and transport to investigate the effects of targeting specific VEGF isoforms, as compared with inhibiting all VEGF isoforms simultaneously. The model predicts that the pan anti-VEGF and anti-VEGF 121 produce similar effects in free VEGF levels and receptor occupancy in all compartments. However, there are two primary distinctions between these treatments. Firstly, targeting VEGF 121 does not produce the increase in the concentration of VEGF/VEGFR2 molecules in the blood and tumor that is predicted to occur when targeting both VEGF isoforms. Secondly, the percentage of VEGFR2 molecules in the blood that are ligated following anti-VEGF 121 treatment is 21%, compared with 88% when the pan anti-VEGF agent is administered. Although both treatments result in an increase in plasma free VEGF, the smaller fraction of ligated VEGFR2 in the blood following anti-VEGF 121 treatment indicates that the luminal endothelial surface is less poised to initiate intracellular signaling leading to proliferation, migration, and chemotaxis. Thus, the pro-angiogenesis signaling via VEGFR2 activation, both in the blood and the tumor, is diminished with anti-VEGF 121 treatment. These anti-angiogenic effects occur to a lesser extent with the pan anti-VEGF agent and are not predicted to occur with anti-VEGF 165 treatment. The primary reason for the lack of efficacy of anti-VEGF 165 in reducing tumor free VEGF can be attributed to the relative fraction of unbound VEGF in the two isoforms. VEGF 165 comprises just 7% of total tumor free VEGF prior to treatment. Thus, there is relatively little VEGF 165 available for the antibody to neutralize, and targeting this isoform does not largely impact the level of free VEGF following anti-VEGF 165 treatment. In addition, we have previously shown that allowing the anti-VEGF agent to bind VEGF sequestered in the extracellular matrix, a reservoir of VEGF 165 comprising 25% of VEGF 165 in the tumor, does not affect the level of tumor free VEGF at 3 weeks post-treatment (25) . Based on these results, it may be of interest to target VEGF 121 , particularly since this isoform is involved in recruiting host vasculature (11) .
Importance of the Relative Expression of VEGF Isoforms
The prediction that targeting VEGF 121 inhibits VEGFmediated angiogenesis is not immediately obvious. Some studies show that VEGF 165 induces tumor vascularization (11, 16, 34) , while other data highlight the importance of VEGF 121 in tumor angiogenesis (35, 36) . However, these studies agree in concluding that the expression of VEGF isoforms differs among tumor types, and this contributes to tumor vascularization. Thus, the relative expression of the isoforms is an important factor to consider.
The impact of the relative isoform expression levels was demonstrated in our previous work (25) and is made clear in the present study when simulating the effect of anti-VEGF treatment on tumors that preferentially secrete individual VEGF isoforms. In tumors that secrete only VEGF 121 , it is possible to observe a depletion in tumor free VEGF with the pan anti-VEGF and anti-VEGF 121 agents because, prior to treatment, there is a high level of free VEGF, which is predominantly in the form of VEGF 121 . In contrast, tumors that secrete VEGF 165 have a low level of free VEGF at steady state, and even targeting VEGF 165 does not result in a depletion of tumor free VEGF (due to the VEGF concentration gradients in the body and VEGF flow (transport) between compartments (25, 26) ). Thus, we propose that quantitative measurement of the relative expression of the VEGF isoforms in the tumor may aid in determining the appropriate VEGF antibody to use.
Quantitative data for the relative levels of VEGF isoforms is limited to mRNA expression, rather than protein concentration.
These data reveal that VEGF 121 is expressed at similar levels or at higher levels than VEGF 165 depending on the tumor type (37) (38) (39) (40) (41) . As VEGF gene expression has the potential to identify prospective patients for bevacizumab treatment in epithelial ovarian cancer (42) , quantification of VEGF isoform protein levels in the tumor would also be useful in stratifying patients for isoform-specific anti-VEGF treatment. The interstitial fluid represents the microenvironment of a particular tissue sample and may contain factors locally secreted by parenchymal cells. In the case of tumor tissues, this would include VEGF secreted by tumor cells. Thus, there is a need for isolation of tumor interstitial fluid (43) and quantitative measurement of its VEGF protein concentration.
In our current model, we assume that tumors predominantly express the VEGF 121 and VEGF 165 isoforms. Recent experimental data reveal the importance of the VEGF xxxb isoforms, which are shown to be either weakly angiogenic (3, 5, 6) or to have anti-angiogenic effects (1) . Therefore, it is of interest to expand the model to include the VEGF xxxb isoforms. Additionally, given the potential role of VEGF 189 in tumor angiogenesis, it may be important to include this isoform as well (16) . The difficulty is that very little if any quantitative information is available on the relative secretion of these isoforms. However, as these data become available, we can expand the model in order to understand the effect that other VEGF isoforms have on the distribution of VEGF and the response to anti-VEGF therapy.
Qualitative Comparison to Experimental Data
It is important to compare our model predictions with available experimental data. However, there are a limited number of studies that explore the effect of isoform-specific VEGF agents. An aptamer that specifically inhibits VEGF 165 was found to decrease vascularization and reduce tumor weight in an experimental model of Wilms tumor (44) . Similarly, pegaptanib, an aptamer that neutralizes VEGF 164/ 165 was found to decrease tumor blood vessel density in intercerebral glioma (19) . In that study, the anti-VEGF 165 agent still allowed the formation of tumor satellites; however, the satellites were suppressed with combined pegaptanib and irradiation. Pegaptanib also reduces vascular density and prevents disease progression in a model of T cell-dependent colitis (45) . It is interesting to note that neutralizing VEGF with VEGF trap did not produce the same effects (45) . Pegaptanib was also shown to increase VEGF concentration above the pre-treatment level in the aqueous humor of the eye following intravitreal injection in AMD patients (46) . In the same study, treatment with ranibizumab, which targets all VEGF isoforms, leads to a reduction in VEGF levels in the humor (46) . Although the aqueous humor has different transport and geometric properties than the tumor, it is worth noting that, in this setting, the VEGF-targeting agents have differential effects on VEGF concentration. Additionally, in a study targeting VEGF 121 , Tian and coworkers found that an antibody directed toward VEGF 121 blocked VEGF-induced growth in a gastric carcinoma cell line (47) . Finally, we have identified one study that examines the effect of VEGF neutralization in tumors that overexpress a particular VEGF isoform. Guo et al. found that VEGF 121 -and VEGF 165 -expressing tumors responded similarly to a VEGF antibody Fig. 6 . The effect of the tumor isoform secretion ratio on the response to isoform-specific treatment. The fold-change in free VEGF concentration is calculated as a function of the anti-VEGF agent and the tumor isoform secretion ratio. Three VEGF-neutralizing agents were examined: pan anti-VEGF, anti-VEGF 121 , and anti-VEGF 165 . The relative amount of VEGF 121 secreted by the tumor was varied from zero to 100%. From top to bottom: normal tissue (subscript N), blood (subscript B), and tumor (subscript T). The gray dotted line in the bottom panel is the isocline for a fold-change of 1. Note that the scale is different for each panel that recognizes all isoforms in the presence or absence of estrogen treatment (48) .
These data do not conclusively support the model predictions that targeting VEGF 121 is more effective than inhibiting VEGF 165 . However, since our model predicts that the efficacy of the anti-VEGF agents depends on the relative expression of the VEGF isoforms, it is possible that the experimental models utilize tumor xenografts whose VEGF isoform expression ratio does not correspond to the conditions reflected in our model. Thus, it is difficult to directly compare the experimental results to our model predictions, as they were performed in different animal models or cellular contexts under various experimental conditions, and our model may not account for some of these features. Still, our computational studies complement the experimental work and highlight the therapeutic potential of isoform-specific VEGF neutralizing agents.
CONCLUSIONS
VEGF-neutralizing agents inhibit tumor angiogenesis by blocking activation of VEGF receptors and impeding intracellular signaling that promotes proliferation and vessel growth. Our model predicts that isoform-specific anti-VEGF agents have differential effects on tumor free VEGF. Specifically, we find that targeting VEGF 121 is an effective treatment strategy, particularly in tumors that secrete both VEGF 121 and VEGF 165 , or tumors that over-express VEGF 121 . Current VEGF inhibitors tested as anti-cancer therapeutics typically do not target individual isoforms; however, we hope that our results will motivate and provide a basis for clinical investigation of isoform-specific anti-VEGF agents.
